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ABSTRACT 

Surface atmospheric pressures are studied for 

5 days before and 10 days after chromospheric flares 

by the superposed epoch method for 31 meteorological 

stations in North America. The individual analyses 

show no statistically significant pressure departures 

following the flares. No evidence is found for claims 

that continental and coastal stations exhibit differ- 

ent responses to the flares.. No evidence is found for 

claims that atmospheric pressure responses to flares 

are amplified with increasing latitude. The composite 

curve for North American stations shows no statistically 

significant departures and does not verify the composite 

curve of previous investigators. However, those chromo- 

spheric flares associated with polar cap absorption (PCA) 

events are followed by surface atmospheric pressure de- 

creases (greater than 3mb) for several days within the 

polar cap, that are statistically significant in the 

composite curve for polar cap stations. 

pothesis" is presented to account for the pressure 

changes associated with PCA events. 

tains a prediction that can be checked, and suggests 

further study to confirm this positive indication of a 

solar-tropospheric effect. 

A "working hy- 

The hypothesis con- 
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I. Introduction 

It is well known that the upper atmosphere re- 

sponds to solar phenomena. The ionosphere, the ra- 

diation belts, the aurora and geomagnetic variations, 

all have been studied in association with short-term 

variations of solar activity. However, within the 

troposphere, while seasonal and diurnal variations 

are observed in the meteorological variables, the 

short-term solar variations are not clearly reflected 

in low-level weather phenomena. In fact, solar- 

tropospheric studies have often been viewed by the 

scientific community as existing on the "fringes of 

respectability". Nevertheless, the advantages to be 

gained from discovering genuine solar influences, not 

now included in conventional meteorological analysis, 

have stimulated adventurous workers to investigate the 

possibilities. 

Duell and Duell (1948) were the first to demon- 

strate at all convincingly short-term immediate re- 

sponses of the troposphere to solar-origin disturbances. 

1) Using the five most and five least geomagnetically 

disturbed days in each winter month of low solar activ- 

ity from 1906-1937 as key days in a superposed epoch 

analysis, they found the sea-level atmospheric pressure 

at several European stations to be lower than normal 3 
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days after disturbed days and higher than normal 3-4 

days after quiet days. 2) Working with 51 intense 

chromospheric flares from 1936-1941, they found a 

distinct maximum of European sea-level pressure ap- 

pearing 4-6 days after the flare. The provocative 

work of the Duells, although lacking both rigorous 

statistical justification and acceptable physical 

mechanisms, encouraged others to take up the challenge. 

In a study resembling 1) above but with many more sta- 

tions and careful statistical analysis, Craig (1952) 

found a marked negative correlation between the pres- 

sure variations following disturbed days and quiet 

days for the same location and the same period of time. 

If the pressure tended to rise after disturbed days, 

it tended to fall after quiet days, and vice versa'. 

Shapiro (1956), working with sea level pressure data 

Over North America, found a significantly high persist- 

ence correlation ( 5  per cent level13 to 4 days after 

large increases in geomagnetic activity, and a signif- 

icantly low persistence correlation (1 per cent level) 

about two weeks after the key days. A later study 

(Shapiro, 1959), with European surface pressure data, 

confirmed only the earlier high values of the persist- 

ence correlation. Macdonald and Roberts (1960). 

working with three successive winter half-years between 

1956-1959, found that 300 mb troughs in the Gulf of 



Alaska-Aleutian Islands area are amplified approxi- 

mately three days after geomagnetically disturbed per- 

iods. On the other hand, in three separate studies 

using 500 mb maps, 3 km. maps, and data from high- 

latitude stations, Kaciak and Langwell (1952) did not 
.- . -  

find any relationship between geomagnetically disturbed 

days and pressure aloft. A dozen years after the orig- 

inal work of Duell and Duell (1948), the situation was 

still far from clear, yet research in the United States 

along these lines was essentially discontinued as seem- 

ingly unproductive. 

A fresh and enthusiastic attack on this difficult 

problem has recently been launched in a series of USSR 

papers (Fomenko, 1962; Fomenko et al., 1963; Gnevyshev 

and Sasonov, 1964; Sazonov, 1965; Kubyshkin, 1965, 

1966; Mustel et al., 1965; Mustel, 1966). The main 

conclusions of these studies may be summarized as follows: 

1. Quasistationary corpuscular streams originating from 

active solar regions (calcium plages) which create recur- 

rent geomagnetic disturbances give rise to a maximum of 

geomagnetic activity as well as to a maximum of surface 

atmospheric pressure approximately 6 days after central 

meridian passage of the active region. The magnitude of 

the pressure change (1-3 mb) increases with latitude. 

2. Chromospheric flares generating sporadic geomagnetic 

disturbances are followed 3-5 days later by maxima of 

surface atmospheric pressure (amplitude 2-3 mb) at 
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Soviet and Scandinavian stations. The geomagnetic ac- 

tivity maximum is found approximately one day earlier. 

3 .  The same chromospheric flares are associated with 

a minimum of surface atmospheric pressure (amplitude 

2-3 mb) at French meteorological stations 3-5 days 

after the flares. The change from maximum pressure in 

eastern Europe to minimum pressure in western Europe 

takes place gradually in moving westward across Europe. 

4 .  Those chromospheric flares associated with solar 

proton events (approximately 1-300 MeV) produce in the 

polar caps large surface pressure decreases (5-10 mb) 

which begin almost immediately after the flare, reach 

a minimum pressure near the sixth day, and then slowly 

recover. 

Although the above conclusions are based on empir- 

ical studies lacking both rigorous statistical verifica- 

tion and acceptable physical mechanisms, we have been 

encouraged, particularly by the work of Mustel and col- 

laborators, to investigate the problem. Since the 

sporadic geomagnetic disturbances produced by chromo- 

spheric flares are more intense, can be more readily 

isolated, and may be more easily detectable in possible 

tropospheric effects, we have confined the current in- 

vestigation to this situation. Future studies may be 

directed toward the recurrent geomagnetic disturbances. 
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In the score of years since Duell and Duell first 

presented their work our knowledge of solar emissions 

and their influences within the magnetosphere have in- 

creased tremendously. The interplanetary medium has 

been measured and the interaction of the solar wind with 

the geomagnetic cavity have been studied. The morphology 

of the radiation belts and the aurora, and the expansion 

of the upper atmosphere at times of geomagnetic disturb- 

ance have been investigated. Perhaps the time is ripe 

for a renewed assault on the problem of solar-tropospheric 

relations. 

11. Method of Analysis 

The present study attempts to verify the above Soviet 

conclusions by using surface pressure data at 31 North 

American meteorological stations ranging over the continent 

from low to high latitudes. The stations are in three 

lines of approximately ten stations each, located in eastern, 

central and western North America. The stations and their 

locations in geographical coordinates are listed in Table 1. 

The chromospheric flares producing geomagnetic disturbances 

that have been selected for study are the identical list of 

41 flares from 1956-1960 used by Mustel et al. (1965). 

This list contains the clearest isolated flares for which 

overlapping by succeeding disturbances is a minimum. The use 

of the identical list of flares with different meteorological 

data should provide a firm check on the stated conclusions. 



6 

The method used is the well-known superposed 

epoch analysis, where the key day is the day of the 

chromospheric flare. The station atmospheric pres- 

sures are studied for 5 days before and 10 days after 

the key day. Provided that the number of events stud- 

ied is large enough, other causes of pressure varia- 

tion will be essentially eliminated by the averaging 

process. 

The superposed epoch analyses for the surface 

atmospheric pressures at each station were repeated 

five times (for 0000, 0600, 1200, and 1800 local mean 

times as well as for the average of the four pressures). 

Only the 1200 LMT pressures were investigated in the 

Soviet studies. The daily averages are used here in the 

hope of reducing "atmosphere noise". The other three 

pressures are studied here in anticipation of possible 

physical mechanisms, since there is known to be a dawn- 

dusk asymmetry in the precipitation of electrons from 

the radiation belts (Frank et al., 1964) and enhanced 

fluxes of greater than 10 kev electrons are observed 

near the midnight meridian during times of geomagnetic 

disturbance (Fritz and Gurnett, 1965). 

The uniform absence of a test for the statistical 

significance of the pressure departures reported by the 

Soviet investigators represents a serious weakness. 
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Consequently, in each of the studies to follow, Student's 

t-test is applied to the difference of each daily mean 

from the population mean in order to establish the 5 per 

cent confidence limits. Departures less than two standard 

deviations from the population mean can be taken to be 

without statistical significance. 

I11 Results 

Figs. 1 to 3 are samples of the superposed epoch anal- 

yses at 1200 LMT for a low, middle and high latitude sta- 

tion respectively. These figures, as well as the figures 

to follow, show a central dotted line at the population 
, 

mean pressure as well as a dotted line on either side at 

- + 2 G. The ordinary standard deviation of the mean (Gm) 
is computed from Gm = - G where c i s  the standard deviation 

4-F 
of the population and N the number of epochs (41 for an in- 

dividual station) in the analysis. It represents a lower 

limit since it is based on the assumption of independence 

of the data, neglecting the positive autocorrelation known 

to exist in the pressure data for lags up to a few days. 

In the composite curves to follow,it represents a lower 

limit for the more important reason of the neglect of the 

spatial correlation of the pressure data. It is reasonable 

to be generous and use the lower limit of 6 to establish 
the 5 per cent confidence limits at this stage of the 

game, since we are interested here less in disproving the 
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claims of previous investigations and more in uncover- 

ing possible solar-tropospheric relationships. However, 

Figs. 1 to 3 show no consistent behavior of atmospheric 

pressure following chromospheric flares other than random 

fluctuations about the mean. The well-known increase in 

the variance in moving from low to high latitude in North 

America is apparent. Only random fluctuations about the 

mean are found in all the other 28 individual stations' 

superposed epoch analyses (not shown). The curves for 

0000 LMT, 0600 LMT, 1200 LMT, 1800 LMT and the daily 

average are essentially the same at any given station, 

hence in the following figures only the daily average 

curve is shown with the hope'that this curve represents 

the minimum of "atmosphere noise". 

Since the claims of previous investigators indicate 

different effects at continental and coastal groups of 

stations, Figs. 4 to 6 show daily-average composite curves 

for eastern (11 stations), central (10 stations), and 

western (9 stations) North American stations respectively. 

No consistent patterns are found. Figs. 5 and 6 show only 

non-significant random departures about the mean. Fig. 4 

shows two "significant" departures before the key days and 

two after, that can be attributed to the proximity of sev- 

eral of the eastern stations and the resulting high spatial 

correlation. Further claims of previous investigators 
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indicate that solar-tropospheric effects become more pro- 

nounced the higher the latitude. Figs. 7 to 9 show daily- 

average composite curves for low (10 stations), middle 

(10 stations) and high (10 stations) latitudes respectively. 

No consistent patterns are seen and nothing but random de- 

partures about the mean are observed. Fig. 10 shows a 

daily-average composite curve for all 30 meteorological 

stations in North America. (Thule is excluded from the 

composite curves in the interest of having a homogeneous 

set of data. The last half of the Thule record is avail- 

able only for the 0100 LMT, 0700 LMT, 1300 LMT and 1900 LMT 

pressures.) Nothing but random departures are observed. 

The comparable figure of Mustel et al. (19651, representing 

the data from 35 meteorological stations, is reproduced in 

Fig. 11 along with the superposed epoch analysis of the Ap 

index for the same chromospheric flares. The use of dif- 

ferent meteorological data with the same chromospheric 

flares apparently fails to reproduce the previous results. 

In the interest of verifying conclusion 4 of previous 

investigators the 41 chromospheric flares are divided into 

two groups. The first group contains the 13 flares associ- 

ated with solar proton emission (approximately 1-300 MeV) 

detected by radio absorption methods. These are known as 

polar cap absorption (PCA) events. The second group con- 

tains the remaining 2 8  flares that are not PCA events. 

Fig. 12 shows the daily-average superposed epoch analysis 



10 

for all 41 events for the three polar cap stations 

(geomagnetic latitudes greater than 75 ' ) ;  curve a 

for Thule, curve b for Resolute Bay, curve c for 

Frobisher Bay, and curve d as composite curve for 

all three stations. The analysis is repeated in 

Figs. 13 and 14 separately for PCA and non-PCA events 

respectively. Examination of the 12 plot ensemble of 

Figs. 12 to 14 leads to some interesting conclusions 

and the only positive aspect of the current investi- 

gation. 

1) 

2) a. 

The non-PCA curves for the three polar cap 

stations (Fig. 14a, b, c) have no individ- 

ual features in common. This indicates 

that the physical separation of the stations 

may be sufficient that their responses to 

the ordinary transient meteorological varia- 

tions of the pressure field are essentially 

independent. No statistically significant 

departures are observed in the three individ- 

ual non-PCA curves as well as in the composite 

curve (Fig. 14d), hence no effects of the 

chromospheric flares are indicated here. 

Fig. 13 for the PCA events shows negative 

pressure departures for 8 days following the 

key days for Thule, negative departures for 

8 days following the key days for Resolute 
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Bay, and negative departures for 5 days 

following the key days for Frobisher Bay 

(less clear since Frobisher is on the fringe 

of the polar cap). The pressure decreases 

do not quite reach the significant level in 

the individual curves. However, the compos- 

ite curve (Fig. 13d) indicates pressure de- 

creases for 8 days following the flares 

reaching and exceeding the significant 5 per 

cent level on day 5 following the key days. 

One is tempted to say that solar flares 

associated with PCA events produce pressure 

decreases within the polar cap that start 

almost immediately after the flare and per- 

sist for approximately one week. 

b. On the other hand, Fig. 13 shows positive 

pressure departures for 5 days preceding 

the key days for Thule, Resolute and Fro- 

bisher. The above-average pressures do not 

quite reach the significant level in the 

individual curves. However, the composite 

curve (Fig. 13d) indicates above-average 

pressures for 5 days preceding the flares 

reaching and exceeding the significant 

5 per cent level on days 2 to 5 before 
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the key days. One may suppose that pre- 

ceding PCA flares, when the polar cap is 

free from solar protons, the atmospheric 

pressure within the polar cap is signifi- 

cantly higher than the population mean of 

these figures. 

c. The long term trend of Fig. 14 (seen most 

clearly in Fig. 14a and Fig. 14d) might 

also be due to solar protons. Small pro- 

ton events confined to the vicinity of the 

geomagnetic pole are often missed by iono- 

spheric radio absorption methods, and 

hence included here with the 28 flares 

listed as non-PCA events. 

3 )  The composite curve for all 41 events 

(Fig. 12d) still shows the influence of 

those flares associated with PCA events. 

The results of the current investigation related to 

flares associated with PCA events support rather 

closely the previous work of Mustel et al., (1965) and 

Mustel (1966). 

ZV. Working hypothesis for further study 

The polar-cap pressure decrease following PCA on- 

set is a far-from-established clue to a possible solar- 

tropospheric relationship. The problem warrants fur- 

ther study, since the benefits to be derived from 



uncovering a genuine relationship of this type are 

so great. To guide further study we have adopted a 

"working hypothesis", which represents a physical 

mechanism of how pressure variations at high lati- 

tudes might be induced by solar-influenced corpus- 

cular fluxes. Like any hypothesis, it makes certain 

predictions that can be tested and suggests further 

studies. 

Fig. 15 is an idealized sketch in geomagnetic 

coordinates of the high latitude region above 50° 

geomagnetic latitude during a PCA event. The shaded 

region above 75O is assumed under the influence of 

high energy solar protons and the annular region re- 

presents an approximate auroral zone where particle 

precipitation from the magnetosphere is a maximum. 

The heating of the polar-cap lower ionosphere by solar 

protons in the Mev range causes expansion of the atmo- 

sphere and outflow from the polar regions with associ- 

ated pressure reduction. The heating of the auroral 

zone lower ionosphere by particle fluxes from the radi- 

ation belts should also cause expansion and outflow 

from the auroral zone with associated pressure reduction. 

Any predictions for the auroral zone would be almost im- 

possible to check, since this region is continuously a 

sink for particle fluxes from the radiation belts. The 

precipitating fluxes not only increase with geomagnetic 
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activity, but shift to lower latitudes as well. How- 

ever, the "working hypothesis" predicts that the 

region in between from about 7 0 ° -  7 5 O  geomagnetic lati- 

tude should be a region where pressure increases are 

observed during PCA events. There are no stations of 

the current group listed in Table 1 at these latitudes. 

A future study will test this prediction for the same 41 

chromospheric flares. Additional stations within the 

polar cap will be analyzed to verify the pressure de- 

crease during PCA events. Other lists of PCA events 

(Bailey, 1964; Malitson, 1963) will be used with high- 

latitude meteorological data as an independent check of 

the "working hypothesis". 

It must be obvious that the "working hypothesis" 

is rather primitive. The location of the axis of rota- 

tion of the earth, G. P. (geographic pole) in Fig. 15, 

is off-center with respect to the heat sources. The 

dynamic solution for this problem will be complicated, 

and may later prove to be at variance with the initial 

statement of the "working hypothesis". 
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M. Summary 

Negative Results: 

a. The individual analyses of 31 North American 

meteorological stations by the superposed 

epoch method show no statistically signifi- 

cant surface atmospheric pressure departures 

following chromospheric flares. 

b. No evidence is found for claims of previous 

investigators that continental and coastal 

stations exhibit different responses to chromo- 

spheric flares. 

c. No evidence is found for claims of previous 

investigators that atmospheric pressure re- 

sponses to chromospheric flares are amplified 

with increasing latitude. 

d. The composite curve for the 30 meteorological 

stations having homogeneous data shows no 

statistically significant departures associated 

with solar flares, and does not verify the com- 

posite curve of previous investigators. 

Positive Result: 

a,. Chromospheric flares with PCA events are followed 

by surface atmospheric pressure decreases (great- 

er than 3 mb) for several days within the polar 

cap. These pressure changes are found to be 

statistically significant for the composite of 

the polar cap stations. 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Figure 10 

Figure 11 

Figure 12 

Mean surface pressures preceding and following 

chromospheric flares for Miami at 1200 LMT 

Same as Fig. 1 for Minneapolis at 1200 LMT 

Same as Fig. 1 for Churchill at 1200 LMT 

Mean of daily-average surface pressures preced- 

ing and following chromospheric flares for 

composite of eastern line stations (excluding Thule) 

Same as Fig. 4 for composite of central line stations. 

Same as Fig. 4 for composite of western line stations. 

Same as Fig. 4 for composite of 10 low latitude 

stations. 

Same as Fig. 4 for composite of 10 middle 

latitude stations. 

Same as Fig. 4 for composite of 10 high latitude 

stations. 

Same as Fig. 4 for composite of all 3 0  North 

American stations. 

Mean surface pressures preceding and following 

chromospheric flares for the 3 5  stations of 

Mustel et al. (1965) and superposed epoch analy- 

sis of Ap index for the same flares. 

Mean of daily-average surface pressures preceding 

and following chromospheric flares for a)Thule 

b) Resolute Bay c )  Frobisher Bay and d) composite 

of all three stations. The 41 flares are used in 

the analysis. 



Figure 13 Same as Fig. 12 for 13 flares associated 

with PCA events. 

Figure 14 Same as Fig. 12 for remaining 28 flares. 

Figure 15 Idealized sketch in geomagnetic coordinates 

of region above 50' geomagnetic latitude 

illustrating "working hypothesis". 
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